B lymphocytes are produced from hematopoietic stem cells (HSCs) through the highly ordered process of B lymphopoiesis, which is regulated by a complex network of cytokines, chemokines and cell adhesion molecules derived from the hematopoietic niche. Primary osteoblasts function as an osteoblastic niche (OBN) that supports in vitro B lymphopoiesis. However, there are significant limitations to the use of primary osteoblasts, including their relative scarcity and the consistency and efficiency of the limited purification and proliferation of these cells. Thus, development of a stable osteoblast cell line that can function as a biomimetic or artificial OBN is necessary. In this study, we developed a stable osteoblastic cell line, designated OBN4, which functions as an osteoblast-based artificial niche that supports in vitro B lymphopoiesis. We demonstrated that the production of a B220 + cell population from Lineage − (Lin − ) Sca-1 + c-Kit + hematopoietic stem and progenitor cells (HSPCs) was increased 1.7-fold by OBN4 cells relative to production by primary osteoblasts and OP9 cells in coculture experiments. Consistently, OBN4 cells exhibited the highest production of B220 + IgM + cell populations (6.7 ± 0.6-13.6 ± 0.6%) in an IL-7-and stromal cell-derived factor 1-dependent manner, with higher production than primary osteoblasts (3.7 ± 0.5-6.4 ± 0.6%) and OP9 cells (1.8 ± 0.6-3.9 ± 0.5%). In addition, the production of B220 + IgM + IgD + cell populations was significantly enhanced by OBN4 cells (15.4 ± 1.1-18.9 ± 3.2%) relative to production by primary osteoblasts (9.5 ± 0.6-14.6 ± 1.6%) and OP9 cells (9.1 ± 0.5-10.3 ± 1.8%). We conclude that OBN4 cells support in vitro B lymphopoiesis of Lin − Sca-1 + c-Kit + HSPCs more efficiently than primary osteoblasts or OP9 stromal cells.
INTRODUCTION
Hematopoietic stem cells (HSCs), which are capable of selfrenewal, are pluripotent stem cells that can give rise to all types of blood cells through cellular differentiation and hematopoiesis. 1 Hematopoiesis primarily occurs in the marrow or medullary cavities of the bones, which provide a hematopoietic inductive microenvironment known as the hematopoietic niche. 1 The hematopoietic niche is composed of a specialized cell population of the bone marrow stroma, including fibroblasts, adipocytes, reticular cells, endothelial cells and osteoblasts. 2, 3 As the concept of a hematopoietic niche was first proposed by Schofield 4 many efforts have been made to better understand the functional complexity and structural organization of the hematopoietic niche. 3, 5 B lymphopoiesis is a highly ordered process that results in the production of a functional B-cell population in bone marrow. 6, 7 The commitment to the B-cell lineage in B lymphopoiesis is characterized by the expression of distinct sets of surface markers, such as B220/CD45R, CD19, the Ig heavy chain, the Ig surrogate light chain and/or the Ig light chain, at discrete differentiation stages, including pre-pro-B, pro-B, pre-B and immature/naive B-cells. 6 Recent studies have indicated that the cellular and molecular networks between HSCs and their hematopoietic niche play a prominent role in B lymphopoiesis. 2, 3, 8 In particular, B lymphopoiesis is tightly regulated by a complex and dynamic network of cytokines, chemokines and cell adhesion molecules between HSCs and the hematopoietic niche. 7 The contribution of bone marrow stromal cells expressing stromal cell-derived factor 1 (SDF-1/ CXCL12) or IL-7 to B lymphopoiesis was first proposed by Tokoyoda et al. 9 In addition, studies have shown that OP9 stromal cells are able to support in vitro B lymphopoiesis without exogenous cytokine supplementation. 10, 11 OP9 stromal cells also support in vitro B lymphopoiesis from embryonic stem cells and induced pluripotent stem cells, although the efficiency of IgM + B-cell production is quite low. 12, 13 In addition, studies have reported that murine primary osteoblasts are more capable of supporting the production of all stages of B-cell populations, including IgM + B lymphocytes, from HSCs in vitro. 14 Thus, it is believed that primary osteoblasts are specialized cells that function as an osteoblastic niche (OBN) that supports in vitro B lymphopoiesis. 14, 15 However, there are limitations to the use of primary osteoblasts as an OBN for in vitro B lymphopoiesis. The major limitations include the relative difficulty of harvesting pure cells and the poor consistency and efficiency in achieving only limited proliferation. Thus, development of a stable osteoblast derivative cell line that functions as a biomimetic or artificial OBN to efficiently induce in vitro B lymphopoiesis is necessary.
In this study, we developed an osteoblast-based artificial niche to overcome the limited availability of primary osteoblasts for in vitro B lymphopoiesis. To generate stable osteoblast cell lines that function as an OBN, we immortalized primary osteoblasts via transduction with a retrovirus harboring the SV40 large T antigen (SV40 Tag). We established one stable clone, designated OBN4, that exhibited higher expression of osteoblast markers than the other stable clones. We determined that the production of a B-cell population from HSPCs was more efficiently induced by OBN4 cells than primary osteoblasts or OP9 stromal cells. Thus, we have developed a new osteoblast-based artificial niche that supports in vitro B lymphopoiesis.
MATERIALS AND METHODS

Chemicals, antibodies, cell lines and plasmids
Recombinant rat parathyroid hormone (PTH) was purchased from Merck-Millipore (Bedford, MA, USA). Recombinant human bone morphogenic protein-2 (BMP-2), mouse stem cell factor (SCF), mouse Flt3 ligand (Flt3L), mouse IL-4, mouse IL-7, mouse SDF-1, mouse CD40L and mouse thrombopoietin (TPO) were purchased from PeproTech (Rocky Hill, NJ, USA). Chemicals were purchased from Sigma-Aldrich (St Louis, MO, USA). An HSC isolation kit was purchased from Miltenyi Biotec (Auburn, CA, USA). Specific antibodies were purchased from the following commercial sources: anti-FLAG and anti-β-actin from Sigma-Aldrich; anti-B220, anti-Sca-1, anti-lineage cells (anti-Lin), anti-IgD and anti-IgM from BD Biosciences (San Jose, CA, USA); anti-Ki67, anti-Flk2, anti-CD2, anti-CD19, anti-CD23, anti-CD34, anti-CD43 and anti-CD93 from eBioscience (San Diego, CA, USA); and anti-receptor activator of nuclear factor κB ligand (RANKL) from Novus (Littleton, CO, USA). PlatE (retroviral packaging cell line), OP9 (murine stromal cell line), mouse embryonic fibroblast (MEF) and primary osteoblast cells were prepared and maintained as described previously. 16, 17 The animal study was approved (No. CNU-00132) by the Animal Experiment Ethics Committee of Chungnam National University. To construct the retroviral SV40 Tag expression plasmid (Figure 1a ), SV40 Tag was subcloned into the retroviral vector pMX-puro-FLAG 17 through PCR amplification. The following primers were used for plasmid construction: SV40 Tag (sense), 5′-CCC GGA TCC ACC ATG GAT AAA GTT TTA AAC AGA-3′, and SV40 Tag (antisense), 5′-CCC GAA TTC TTA TGT TTC AGG TTC AGG GGG AGG-3′. The expression of SV40 Tag was analyzed via western blotting with an anti-FLAG antibody, as described previously. 18 
Generation of the OBN4 clone
Primary osteoblasts were isolated from the calvaria of newborn mice through collagenase and dispase digestion as described previously. 17 Briefly, calvaria were treated with collagenase (10 mg ml −1 ) and dispase (20 mg ml −1 ) at 37°C for 10 min in three cycles. The collected cells were differentiated into primary osteoblasts by culture in α-MEM including 10% FBS and supplemented with 50 μM ascorbic acid, 10 mM β-glycerophosphate, 100 ng ml −1 BMP-2 and 10 − 7 M dexamethasone for 5 d. The primary osteoblasts were further activated by treatment with 50 μM ascorbic acid, 10 mM β-glycerophosphate and 10 − 7 M PTH for 3 d. To prepare a retroviral supernatant harboring the SV40 Tag expression cassette, PlatE cells were transfected with retroviral SV40 Tag expression plasmid DNA using the TurboFect transfection reagent (Fermentas, Hanover, MD) according to the manufacturer's instructions. Subsequently, the PTH-stimulated primary osteoblasts were infected with the retroviral supernatant harboring the SV40 Tag expression cassette with polybrene (8 μg ml −1 ) for 6 h. The retrovirally transduced cells were selected with puromycin (2 μg ml −1 ) for 14 d to generate a stable cell line. The puromycin-resistant cells were then cultured in 96-well plates via serial dilution to isolate a single osteoblast cell line. From the serial dilution culture, nine single cell lines, referred to as OBN clones, were isolated. Subsequently, alkaline phosphatase (ALP) activity was analyzed in the nine OBN clones, as described previously. 17 Finally, the OBN4 clone exhibiting the highest activity in the ALP assay was chosen as the osteoblast-based artificial niche.
Characterization of the OBN4 clone
Osteoblast differentiation and function were analyzed through the ALP assay, alizarin red staining (ARS) and the tartrate-resistant acid phosphatase (TRAP) assay, as described previously. 17, 19 The expression of osteoblast markers and cytokines was analyzed via real-time PCR, as described previously. 19 Cell proliferation was analyzed with the Cell Counting Kit-8 (CCK-8, Dojindo Laboratories, Kumamoto, Japan) according to the manufacturer's instructions. Cell surface expression of osteoblast markers was analyzed through flow cytometry with antibodies against Sca-1 and RANKL, as described previously. 19 The cell cycle was analyzed via propidium iodide staining as described previously. 20 Real-time PCR was performed as described previously. 18 The primers used for real-time PCR amplification were as follows: osteocalcin (sense), 5′-TTA CTT TAT GCT TCT CAG AGC-3′; osteocalcin (antisense), 5′-AAA TAG TGA TAC CGT AGA TGC-3′; osteopontin (sense), 5′-TGC ACC CAG ATC CTA TAG CCA-3′; osteopontin (antisense), 5′-TGT GGT CAT GGC TTT CAT TGG-3′; SDF-1 (sense), 5′-AAA CCA GTC AGC CTG AGC TAC-3′; SDF-1 (antisense), 5′-GTT TAA AGC TTT CTC CAG GTA-3′; IL-7 (sense), 5′-TGC CAC ATT AAA GAC AAA GAA-3′; IL-7 (antisense), 5′-ACT GCC CTT CAA AAT TTT ATT-3′; vascular cell adhesion protein-1 (VCAM-1, sense), 5′-GTT CCA GCG AGG GTC TAC C-3′; VCAM-1 (antisense), 5′-AAC TCT TGG CAA ACA TTA GGT GT-3′; IL-4 (sense), 5′-AGA TGG ATG TGC CAA ACG TCC TCA-3′; IL-4 (antisense), 5′-AAT ATG CGA AGC ACC TTG GAA GCC-3′; B-cell activating factor (BAFF, sense), 5′-ACG GAG ACG ACA CCT TCT TT-3′; BAFF (antisense), 5′-GGC TTT CCC CAT CTT TTA GTT-3′. Actin expression served as an internal control. ELISA was performed, as described previously. 18 Briefly, the culture supernatants were harvested, and cytokine levels were measured at 450 nm using an ELISA Reader (Bio-Rad) with an IL-7 ELISA Kit (R&D Systems, MN, USA) or an SDF-1 ELISA Kit (R&D Systems) according to the manufacturers' instructions.
In vitro expansion and isolation of HSPCs
HSPCs derived from the bone marrow of 8-week-old male C57BL/6J mice were expanded in vitro in IMDM containing 10% FBS and supplemented with FLT3L (100 ng ml −1 ), TPO (100 ng ml −1 ) and SCF (100 ng ml −1 ) over 27 d of culture as described previously. [21] [22] [23] Lin − Sca-1 + c-Kit + (LSK) HSPCs were isolated from the expanded cell population using an HSC isolation kit (Miltenyi Biotec) according to the manufacturer's instructions. The purified cells were analyzed via flow cytometry with antibodies against B220, Sca-1, Lin, c-Kit, Flk2, CD2, CD34, CD43, CD93 and IgM, as described previously. 14, 19 In vitro B lymphopoiesis
In vitro B lymphopoiesis was performed as described previously, 14 with slight modification. Briefly, primary osteoblasts, OP9 stromal cells, MEFs, mitomycin (1.5 μg ml −1 )-treated OBN4 (OBN4 MT ) and OBN4 cells were cultured in α-MEM including 10% FBS and supplemented with 50 μM ascorbic acid, 10 mM β-glycerophosphate, 100 ng ml −1 BMP-2 and 10 − 7 M dexamethasone for 5 d. Subsequently, the cultured cells were further stimulated by treatment with 50 μM ascorbic acid, 10 mM β-glycerophosphate and 10 − 7 M PTH for 3 d. The stimulated cells were seeded at 6 × 10 4 cells per well in 6-well plates. After 1 d of culture, the cells were cocultured with purified Lin − Sca-1 + c-Kit + HSPCs (10 5 cells per well) in α-MEM supplemented with 10% FBS, 50 μM ascorbic acid, 10 mM β-glycerophosphate and 10 − 7 M PTH in the presence or absence of IL-7 (100 ng ml −1 ) and SDF-1 (100 ng ml −1 ) for 7 d to induce in vitro B lymphopoiesis. The differentiated B-cell populations were collected through treatment with 1 mg ml −1 collagenase P and 0.25% trypsin and analyzed via flow cytometry with antibodies against B220, CD23, CD93, IgD and IgM. To examine the activation of B-cell populations produced by cocultures, B220 + cells seeded at 3 × 10 5 cells per well in a 6-well plate were stimulated for 24 h with lipopolysaccharide (LPS, 1 μg ml −1 ), IL-4 (10 ng ml −1 ) and CD40L (100 ng ml −1 ) treatment in RPMI media supplemented with 10% FBS, 2 mM glutamine, 1 mM sodium pyruvate and 50 μM β-mercaptoethanol, as described previously. 24 Purified B220 + splenocytes (3 × 10 5 cells per well) with anti-B220-conjugated magnetic beads (Miltenyi Biotec) were used as a positive control. After 24 h of stimulation, the numbers of colonized cells were counted, and gene expression levels for the markers of B-cell activation were analyzed by real-time PCR. The primers used for realtime PCR amplification were as follows: interferon regulatory factor 4 (IRF4, sense), 5′-GGT GTA CAG GAT TGT TCC AGA GG-3′; IRF4 (antisense), 5′-GCA GAG AGC CAT AAG GTG CTG-3′; H2-IAβ (sense), 5′-ACC CAG CCA AGA TCA AAG TGC-3′; H2-IAβ (antisense), 5′-TGC TCC ACG TGA CAG GTG TAG A-3′; X-box binding protein 1 (XBP1, sense), 5′-GGA GCA GCA AGT GGT GGA TT-3′; XBP1 (antisense), 5′-CAG CGT GTC CAT TCC CA AG-3′.
Statistical analysis
All experiments were performed at least three times. The presented data represent the means ± s.d. (n = 3 per group). Student's t-test was used to determine the significance of the differences between the experimental samples.
RESULTS
Generation of the OBN4 stable cell line
To generate a stable osteoblast cell line functioning as an OBN that supports in vitro B lymphopoiesis, we isolated mesenchymal stem cells from the calvaria of newborn mice. The isolated mesenchymal stem cells were differentiated into primary osteoblasts by treatment with BMP-2 (100 ng ml −1 ) and dexamethasone (10 − 7 M) for 5 d. The primary osteoblasts were further activated by treatment with PTH (10 − 7 M) for 3 d. The PTH-stimulated primary osteoblasts were transduced with retroviral supernatants harboring a FLAG-tagged SV40 Tag expression cassette ( Figure 1a ) and were selected via puromycin treatment. Puromycin-resistant cells were further cultured through at least 30 passages to establish a stable cell line, and the expression of SV40 Tag in stable cells was identified by anti-FLAG western blotting analysis (Figure 1b) . We then isolated nine single-cell clones, referred to as OBN clones, via serial dilution culture and examined the ALP activities of the nine OBN clones (Figure 1c) . The OBN4 clone exhibited the highest ALP activity (0.66 ± 0.06) among the tested OBN clones and was chosen for further analyses. Subsequently, we examined the osteoblast characteristics of the OBN4 clone. Compared with primary osteoblasts, OBN4 cells exhibited 2.5-fold higher ALP activity (Figure 2a) . Similarly, mineralization measured via ARS was increased 1.9-fold in OBN4 cells (Figure 2b ). The expression of bone formation markers, such as osteocalcin and osteopontin, was also increased (⩾5.5-fold) in OBN4 cells relative OBN4 induces in vitro B lymphopoiesis J Yu et al to primary osteoblasts (Figure 2c ). However, the surface level of the osteoblast lineage marker Sca-1 did not differ between OBN4 cells and primary osteoblasts (Figure 2d ). In addition, the functional properties supporting osteoclast differentiation from HSCs under coculture with OBN4 were similar to the results obtained using primary osteoblasts (Figure 2e and f) .
Next, we examined the cell proliferation of OBN4 cells using a CCK-8 assay kit. We observed significantly increased cell proliferation in OBN4 cells relative to that in primary osteoblasts (Figure 3a) . Similarly, the expression of the cell proliferation marker Ki67 and the number of cells in G2-M phase transition were 2.4-fold and 3.4-fold higher, respectively, in OBN4 cells than in primary osteoblasts (Figure 3b and c) . Notably, we also observed significantly enhanced expression of SDF-1 and IL-7 in OBN4 cells compared with the levels in primary osteoblasts and OBN4 MT cells placed in cell cycle arrest with low-level mitomycin C treatment (Figure 3d) . Similarly, ELISA assays revealed enhanced levels of secreted SDF-1 and IL-7 in OBN4 cells (Figure 3e ). In addition, we observed significantly enhanced expression of the B-cell maturation (Figure 3f and g ). Thus, these findings indicate that the OBN4 clone is functionally an osteoblast cell lineage but exhibits some distinct features that may maintain its potential to act as an OBN to induce in vitro B lymphopoiesis.
In vitro expansion and isolation of Lin − Sca-1 + c-Kit + (LSK) HSPCs Bone marrow contains heterogeneous hematopoietic cell populations, including T-cells, B-cells, dendritic cells, macrophages and neutrophils, but undifferentiated HSPCs are extremely rare. 3 Indeed, we observed a small population (⩽0.4%) of Lin − Sca-1 + c-Kit + HSPCs in murine bone marrow (data not shown). Therefore, we expanded the population of HSPCs in vitro through treatment with a cytokine cocktail including SCF, TPO and Flt3L. We observed that the percentage of LSK cells was significantly increased (85.0 ± 2.6%) after 27 d of culture with the cytokine cocktail (Figure 4a ). From this in vitro expansion of HSPCs, we finally obtained 4.8 ± 4.5 × 10 6 of LSK cells after 27 d of culture. Next, we isolated the LSK cells from an in vitro expanded cell population cultured for 27 d using the HSC isolation kit. Through purification of and anti-Flk2, we observed a large portion (2.6 ± 0.1 × 10 6 (62.1 ± 1.4%)) of LSK cells designated LSK Flk2 − HSCs, and the remaining cells were LSK Flk2 low MPPs (1.1 ± 0.1 × 10 6 (27.8 ± 2.4%)) and LSK Flk2 high LMPPs (0.4 ± 0.1 × 10 6 (9.2 ± 1.2%)) ( Figure 4c and Supplementary Table S1 ). When we stained LSK Flk2 − HSCs with anti-CD34 antibody, most of the cells were designated LSK Flk2 − CD34 + ST-HSCs (95.4 ± 1.4%), while LSK Flk2 − CD34 − LT-HSCs was observed only at a background level (4.6 ± 1.3%) (Figure 4c and Supplementary Table S1 ). Thus, we successfully obtained purified HSPCs, which may act as primary progenitor cells for in vitro B lymphopoiesis, through the in vitro expansion of murine HSCs.
OBN4 cells efficiently support in vitro B lymphopoiesis in HSPCs
To examine whether the OBN4 clone functions as an osteoblast-based artificial niche that supports in vitro B lymphopoiesis, purified HSPCs (LSK cells) were cocultured with OBN4 cells in the presence or absence of IL-7 and SDF-1. During 7 d of coculture, we observed a time-dependent increase in the number of non-adherent cells on OBN4 coculture plates (Figure 5a) . Interestingly, the number of non-adherent cells in OBN4 coculture treated with IL-7 and SDF-1 was 1.3-1.5-fold higher than that of untreated OBN4 cells (Figure 5a ). In agreement with these results, we observed a similar fold increase (1.6-1.7-fold) in the production of B220 + cell population from the OBN4 coculture following supplementation with IL-7 and SDF-1 (Figure 5b ). Next, we analyzed the cell population of non-adherent cells using flow cytometry with antibodies against B220, CD2, CD19, CD43, CD93, IgD and IgM to examine in vitro B lymphopoiesis. At 3 d of OBN4 coculture with IL-7 and SDF-1 treatment, we observed the generation of B220 + CD19 − CD43 + pre-pro-B-cells and B220 + CD19 + CD43 + pro-B-cells (Figure 5c ). These cell populations were time-dependently increased after 3 d of coculture (Figure 5d ). After 5 d of coculture, we also observed a timedependent increase in the number of B220 + CD19 + CD43 − or B220 + CD2 + IgM − pre-B-cells, B220 + CD2 + IgM + or B220 + IgM + IgD − immature B-cells and B220 + IgM + IgD + or B220 + IgD + CD93 − mature B-cells (Figure 5c and d) . We obtained similar results for the production of B-cell populations in OBN4 cells alone without any cytokine supplement, although the fold increases in B-cell production were lower than that of IL-7/SDF-1-treated OBN4 cells (Figure 5d and Supplementary Figure S1 ). Data from the cell population identification of OBN4 cocultures were averaged and summarized in Supplementary Table S2 . Next, we compared the production of B-cell populations via in vitro B lymphopoiesis in cocultures of purified HSPCs with primary osteoblasts, OBN4, OBN4 MT or OP9 stromal cells in the presence or absence of IL-7 and SDF-1. To exclude the possibility of unexpected cell proliferation of contaminated B220 + cells derived from the purification steps, HSPCs were cocultured with MEF cells as a negative control. After 7 d of coculture, we first examined the increase in non-adherent cells in the coculture plates. We observed that the number of nonadherent cells was significantly increased in all coculture plates, except for the MEF plates (Supplementary Table S3 ). Among the tested cell types, OBN4 cells exhibited the largest increase (6.88 ± 0.3 × 10 5 cells) in the number of non-adherent cells relative to the initial number of LSK cells (1 × 10 5 cells), and this increase occurred in an IL-7 and SDF-1-dependent manner (9.23 ± 1.1 × 10 5 cells). Similarly, we observed that the production of the B220 + population was significantly increased in OBN4 cells (2.27 ± 1.4 × 10 5 cells (38.0 ± 1.2%)) compared with the production in primary osteoblasts (1.54 ± 3.2 × 10 5 cells (29.5 ± 9.3%)), OBN4 MT (1.63 ± 3.4 × 10 5 cells (29.2 ± 3.4%)) and OP9 cells (1.41 ± 2.0 × 10 5 cells (29.6 ± 1.8%)) after 7 d of coculture, whereas B220 + cells were detected only at background levels (⩽0.4%) in MEFs (Figure 6a  and c) . In addition, the population of B220 + IgM + doublepositive cells, which can be considered immature B-cells, was significantly increased in cocultures with OBN4 (4.6 ± 0.5 × 10 4 cells (6.7 ± 0.6%)) compared with the population in primary osteoblasts (1.9 ± 0.4 × 10 4 cells (3.7 ± 0.5%)), OBN4 MT (3.1 ± 0.6 × 10 4 cells (5.6 ± 0.7%)) and OP9 cells (1.8 ± 0.6 × 10 4 cells (3.7 ± 0.6%)) (Figure 6a and c) . In agreement with these results, the combination of IL-7 and SDF-1 with OBN4 cocultures produced the largest increase in the production of B220 + cells (3.76 ± 0.2 × 10 5 cells (40.9 ± 2.4%)) or B220 + IgM + cells (1.25 ± 0.1 × 10 5 cells (13.6 ± 0.6%)) (Figure 6b and c) .
Interestingly, we observed similarly enhanced production of B220 + IgM + IgD + cells in OBN4 coculture (Figure 6b and c) . B220 + IgM + IgD + cells can be further subdivided based on CD23 and CD93 expression into CD93 + CD23 − (newly formed B-cells), CD93 + CD23 + (transitional B-cells) and CD93 − CD23 + (mature B-cells). [27] [28] [29] Thus, we further analyzed the population of B220 + IgM + IgD + cells with antibodies against CD23 and CD93. Notably, we found that the population of CD93 − CD23 + mature B-cells was significantly increased in coculture with OBN4 cells (6.0 ± 0.7 × 10 4 cells (70.4 ± 4.4%)) relative to primary osteoblasts (1.7 ± 0.2 × 10 4 cells (53.2 ± 1.8%)), OBN4 MT (2.2 ± 0.1 × 10 4 cells (58.8 ± 0.1%)) and OP9 (1.5 ± 0.1 × 10 4 cells (53.2 ± 1.8%)) upon treatment with IL-7 plus SDF-1 (Figure 6b and c) . In addition, OBN4 cells exhibited the highest production of the CD93 + CD23 + transitional B-cell population (0.7 ± 0.1 × 10 4 cells (PBS) or 1.1 ± 0.3 × 10 4 cells (IL-7 and SDF-1)), but the numbers of CD93 + CD23 − newly formed B-cells were not changed among tested cell types (Figure 6b and c) . Data from the cell population identification with cocultures were averaged and summarized in Supplementary Table S3 .
To examine whether the B-cell populations derived from OBN4 cocultures are functional, we finally tested the activation of B-cells by stimulation with a combination of LPS, IL-4 and CD40L. After 24 h of stimulation, the activation of B-cells was analyzed by counting the number of colonized cells and measuring the gene expression of B-cell activation markers using real-time PCR. As shown in Figure 6d and Supplementary Figure S2 , OBN4-derived B220 + B-cells 
DISCUSSION
B lymphopoiesis from HSCs in the bone marrow is a highly ordered multistep process that depends on signals generated by the hematopoietic niche. 8 The external cytokine signals produced by the hematopoietic niche play a crucial role in regulating B lymphopoiesis in bone marrow. In particular, the roles of several cytokines (such as SCF, SDF-1, Flt3L and IL-7) that stimulate HSC differentiation into the B-cell population in bone marrow have been demonstrated. 14, [30] [31] [32] The binding of cytokines to their receptors on HSCs can subsequently stimulate transcriptional networks in HSCs to induce B lymphopoiesis. Thus, the process of B-cell differentiation is regulated by multiple networks of transcription factors, such as Ikaros, E2A, early B-cell factor and paired box protein five, induced by external signals derived from the hematopoietic niche. [6] [7] [8] 15 Furthermore, studies have reported that the reduced expression of adhesion molecules, such as vascular cell adhesion molecule-1 and integrins, on bone marrow stromal cells correlates with a reduced capacity to support in vitro B lymphopoiesis. [33] [34] [35] [36] Therefore, the specific cell-cell interaction between HSCs and their hematopoietic niche is required for efficient in vitro B lymphopoiesis. However, despite a great deal of progress in the past decade, the ability to efficiently induce in vitro B lymphopoiesis remains in a primitive stage, and many of the signaling pathways of cytokines and adhesion molecules that affect B lymphopoiesis have yet to be discovered.
The main cellular components of bone are osteoblast lineage cells that work in groups to secrete and mineralize new bone matrix for bone formation. 37 Osteoblasts, which are primarily located in the hematopoietic niche, support the growth of hematopoietic progenitor cells and produce cytokines that regulate hematopoiesis. 38 Thus, osteoblasts function as a key component of the hematopoietic niche and provide essential signals and play supportive roles in HSC self-renewal and differentiation. [39] [40] [41] Moreover, the function of osteoblasts is directly linked to the integrity of the humoral immune system through the induction of B lymphopoiesis. 42, 43 Indeed, conditional ablation of osteoblast cells or their functions in bone marrow results in a rapid reduction of B-cell populations, preceding the loss of HSCs in vivo. 39, 41 Furthermore, studies have reported that primary osteoblasts are capable of supporting all stages of B-cell differentiation from HSCs in vitro. 14, 15 In particular, production of IgM + B lymphocytes from HSCs is induced upon coculture with primary osteoblasts, suggesting that osteoblasts support the differentiation of immature/naive B-cells in vitro. 14, 15 However, the question remains of whether osteoblasts alone support in vitro B lymphopoiesis. Studies have reported that stromal cells, such as OP9 and MS-5, are able to support in vitro B lymphopoiesis. [9] [10] [11] Osteoblasts are derived from multipotential mesenchymal stem cells that also give rise to a variety of mesenchymal lineage cells, such as fibroblasts, chondrocytes, myoblasts, adipocytes and stromal cells. 42, 43 Thus, we cannot clearly exclude the possibility that in vitro B lymphopoiesis is induced via contributions from other cell types of the mesenchymal lineage contaminating the batch preparation of primary osteoblasts. In this study, we therefore established a stable osteoblastic cell line (OBN4) that functions as an osteoblast-based artificial niche to induce the production of IgM + B lymphocytes in vitro from HSPCs ( Figure 6 ). The results of this work suggest that osteoblasts play the major necessary and sufficient roles in supporting in vitro B lymphopoiesis.
The efficiency of IgM + B-cell production in vitro by primary osteoblasts per se is lower compared with the potential of the hematopoietic niche in vivo, indicating that additional factors, such as cytokines, growth factors or adhesion molecules produced by the OBN or other cell types of the hematopoietic niche, are required for the efficient induction of in vitro B lymphopoiesis. 14, 15, 38 Indeed, studies have reported that the process of B lymphopoiesis in vivo is critically dependent upon the actions of various cytokines, such as SDF-1 and IL-7, which are produced from multiple cell types in the hematopoietic niche. 44 Interestingly, we observed that PTH-stimulated OBN4 cells without IL-7 and SDF-1 supplementation were not sufficient to enhance efficient IgM + B-cell production in vitro ( Figures 5 and 6 ), although studies have reported that PTH induces the production of both IL-7 and SDF-1 in The B220 + cells produced from the coculture were stimulated for 24 h with LPS (1 μg ml −1 ), IL-4 (10 ng ml −1 ) and CD40L (100 ng ml −1 ) treatment. The relative expression levels of H2-IAβ, IRF4 and XBP1 were analyzed via real-time PCR analysis. The B220 + splenocytes were used as a positive control (grey box).
OBN4 induces in vitro B lymphopoiesis J Yu et al osteoblasts. 14, 40 When the coculture plates were exogenously supplemented with the combination of IL-7 and SDF-1, the production of IgM + B-cells was more efficiently induced by OBN4 cells (Figures 5 and 6 ). Therefore, sufficient expression of IL-7 and SDF-1 in OBN4 cells may be required for the efficient production of IgM + B lymphocytes during the process of in vitro B lymphopoiesis. However, previous studies demonstrated that IL-7 and SDF-1 are key players in the early stage of B-cell development and that the surface expression of IL-7 receptor (IL-7R) or CXCR4 is limited to early B lineage cells. 45, 46 Thus, in our current study, the question remains how IL-7 and SDF-1 supplementation can induce the production of IgM + B-cells during in vitro B lymphopoiesis. One possible explanation would be the indirect effects of exogenous IL-7 and SDF-1 supplementation on other cell types derived from HSPCs with OBN4 coculture or on OBN4 cells themselves. The supplementation of IL-7 and SDF-1 may induce signaling activation in other cell types produced by coculture or in OBN4 cells themselves that possibly secrete or express B-cell maturation cytokines such as IL-4 or BAFF or cell adhesion molecules such as VCAM-1 to stimulate in vitro B lymphopoiesis. In addition, there is increasing evidence of the functional role of complex cytokine signaling networks, such as the Wnt, CD40, CD38, IL-27, IFN and RANKL networks, in B lymphopoiesis in vivo. 13,47-52 Thus, efficient in vitro B lymphopoiesis may require complex cellular and molecular networks between HSCs and the OBN. In this study, we developed a stable osteoblastic cell line, designated OBN4, which functions as an osteoblast-based artificial niche for in vitro B lymphopoiesis. The stable clone OBN4 exhibited higher expression of osteoblast markers than the other stable clones. We demonstrated that in vitro B lymphopoiesis was more efficiently induced by the OBN4 clone than by primary osteoblasts or OP9 stromal cells. Overall, the results of this study indicate that the stable clone OBN4 functions as an osteoblast-based artificial niche to induce in vitro B lymphopoiesis of Lin − Sca-1 + c-Kit + HSPCs. Therefore, these findings raise the possibility of developing a technique for highly efficient in vitro B-cell production in the future to provide protective immunity against dangerous infections or cancers.
